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(Received 8 July 1991; accepted for publication 20 December 1991) We report here the growth of T12BazCaCu20s thin films by a combination of laser ablation and thillium diffusion on [OOl] MgO substrates. We find that the process configuration and sintering temperatures for thallium diffusion are of paramount importance in achieving single phase thin films. From x-ray diffraction analysis, the films have a highly preferred orientation with the c crystal axis perpendicular to the surface of the substrate. A typical film has a Tc(onset) = 120 K, T,-(midpoint) = 115 K, and Tcczero) = 109 K. The critical current density for a film, estimated from hysteresis loop and the Bean Model, is greater than lo5 pJcm2 at 5 K in zero applied field.
The fabrication of reliable, high quality high-T, oxide superconducting thin films is a prerequisite for applications in electrical, magnetic, optical, and superconductor fields. Following the discovery of high-T, superconductivity in Tl-Ba-Ca-Cu-0 compounds, 1*2 the T12Ba2Ca2Cu3010 phase was reported to have the highest superconducting transition temperature, around 125 K, of any superconducting material.3 This has stimulated interest in preparing superconducting Tl cuprate thin films; methods of preparation have included &I3 and dc '"" sputtering, sequential electron beam'8-20 and thermal evaporation,21 a liquid phase epitaxial process,22 spin coating,"3 pulsed laser ablation,w27 and metalorganic chemical vapor deposition.28 One major problem is that the "as-grown" thin films are generally not superconductors because of the unavoidable evaporation of Tl during the deposition process. Post-annealing of the "as grown" thin film in Tl vapor is essential to produce superconductivity. Although T12Ba2CaCu20s has a lower superconducting transition temperature T, ( 108 K) than T12Ba2Ca2Cu3010 ( 125 K) ,29 its T, is still higher than YBa2Cu307 (90 K). It is, therefore, worth developing a reliable process to make high quality T12Ba2CaCu20s thin films.
In the present study, we report a technique which combines laser ablation of Ba-Ca-Cu-0 thin films and a thallium diffusion process to prepare T12Ba,CaCu20s thin films. Moreover, we demonstrate that not only the annealing temperatures but also the (source) thallium diffusion configurations are crucial in the preparation of a single phase T12Ba2CaCu20S thin film.
Precursor thin films for use in subsequent thallium diffusion were prepared by laser ablation from a 1.5-cm-diam Ba2Ca2.2Cu30, target which was made by calcining a pellet composed of Ba02, CaO, and CuO at 910 "C for 3 h in air and cooling to room temperature at a rate of 5 "C/min. Polished and annealed ( 1150 "C for 24 h in air) [OOl] MgO single crystals with dimensions of 1 X 1 x 0.1 cm were selected as substrates. The Ba-Ca-Cu-0 films were deposited onto the substrate at a temperature of 745 "C and an oxygen pressure of 0.2 milibar using a 3 Hz, 1.2 Joule/cm2 pulse laser from a XeCl excimer laser operating at 308 nm.
The distance between the target and substrate was 3.5 cm. The "as-deposited" films were smooth and mirror-like. The thallium diffusion step was then performed as follows: The as-deposited Ba-Ca-Cu-0 precursor film was placed face up either under an uncalcined pellet at a distance of l-3 mm [hereafter referred to as method A and shown in Fig. l(a) ] or between two uncalcined pellets [hereafter referred to as method B and shown in Fig. 1 (b) ]. The uncalcined 1-cm-diam and 0.2-cm-thick pellet was prepared by mixing powders of Tl2O3, Ba02, CaO, and CuO to form a nominal composition of T11.sBa2Ca2.2Cu30,. It was sealed in a gold box (as shown in Fig. 1 ) and then annealed in oxygen at 870-900 "C! for 20 min. The resulting thin film was then rapidly quenched to room temperature in air.
X-ray diffraction (XRD) studies were carried out with Cu & radiation using a Spectrolab CPS-120 diffractometer. A standard four-probe method was used for electrical resistance measurements. Electrical contacts to the films were made by fine copper wires with a conductive silver paint. The applied current to the film is 1 x 10 -6 A. The hysteresis loop of the film was measured by a Quantum Design MPMS Superconducting quantum interference device (SQUID) magnetometer. The surface morphology and thickness of the films were examined by scanning electron microscopy (SEM, Cambridge Instrument S-250) from plan-view and cross-sectional specimens, respectively. Chemical compositions of the precursor and Tl-diffused film were examined by energy dispersive x-ray spectrometry (EDS, Jeol JEM-2010).
In Figs. 2(a) and 2(b), we show the XRD patterns of the thallium-diffused thin films annealed at a temperature of 870 "C corresponding to the diffusion methods A and B, respectively. All the XRD peaks as indicated in Fig. 2(b) TI-Ba-Ca-G-0 Fig. 2(a) ] from the sample prepared by method A 'at 870 "C revealed the presence of the major T12BazCaCuzOs and the minor TlzBa2Ca2Cus01, phase [marked by "Y' in Fig. 2(a) ] and unidenttied impurity phase [marked by "A" in Fig. 2(a) ]. When we increased the annealing temperature to 900 "C!, employing again the configurations A and B, the majority phase of the resulting thin films for both methods was T1,Ba2Ca&!u~O10 (60% ) together with T12Ba2CaCu20s (10%) as a minority phase and an unidentified impurity (30%). Thus even these thin-film samples demonstrated that the synthesis temperature for T12Ba2CaC!u20s is lower than for T12Ba2Ca2Cu301e in our process. Based on the previous extensive studies,h29 the formation of the T12Ba2Ca2Cu30r0 phase versus T12Ba2CaCu20s phase is mainly controlled by kinetic process, since increasing either time or temperature leads to progression from the less ordered (few layers) 712Ba2CaCu20s phase to the more ordered T1~Ba2Ca2Cu3010 phase. Under the present processing conditions, T120s in the uncalcined pellet would decompose to T120 and O2 at annealing temperatures above 800 "C. The high vapor pressure of T120 (roughly 500 Torr at 1000 OC3'), can lead to problems in producing high quality thin films. When using configuration A, owing to the short distance between the precursor film and uncalcined pellet, a vigorous chemical reaction of the diffusing thallium into precursor film appeared to take place, leading to difficulties in the control of the diffusion process. However, configuration B has a milder chemical diffusion reaction and results in a highly reproducible and single phase TlzBa2CaCu20s thin film. The significance of the source configuration seems to be in controlling the kinetics of the reaction, possibly by the variation of Tl concentration at the reaction front. Similar results corresponding to the effects of the effects of source configuration on the surface morphology of the Tl-containing thin films were also reported by Ginley et aZ.l9
In Fig. 3 , we show the temperature dependence of the resistance of the thin film prepared by configurations A and B at a temperature of 870 "C. The thin 8hus synthesized by configurations A and B have superconducting transition temperatures Tcconset) = 120 K, T,-(midroint) = 110 K, ad Tc(zero) = 98 K Fig. 3(a) ] and Tc(onser) = 120 K, Tc(midpint) = 115 K, and T,(,,) = 109 K [ Fig.  3(b) ], respectively. We believe that the higher superconducting transition temperature in the film prepared by configuration B reflects a greater phase purity within the film as compared with those prepared by configuration A.
We have checked, by both XRD and electrical resistivity measurements, for any differences in the Tl-diffused thin films when Ba2CaCu20,, is used as a target instead of Ba2Ca,,Cu30, The results show that applying configurations A and B for both targets are similar. The energy dispersive spectra (EDS) analysis shows that prior to the thallium diffusion process, the film composition was similar to that of the target material. In contrast, the thallium diffusion into these two precursor films produced by Ba&aC&O,, and BazCa2.&u30,, targets gives rise to the phase TlzBa2CaCuzOs (as examined by XRD and EDS). This means that the film formed after the thallium diffusion process is not sensitive to this range of target compositions. Importantly, no TlzBa2CazCu30ro phase was detected by XRD and EDS by configuration B. However, a very small amount of impurity phase Ca2Cu03 ( < 5%) in the thallium-diffused films from both Ba,CaC!u,O,, and Ba2Ca2.&u30, targets was observed by EDS which could not be detected by XRD measurements. The magnetic hysteresis loop at 5 K (maximum external field of 5.4 T) of the film corresponding to Fig. 3(b) was measured by a SQUID magnetometer. The magnetic field was applied parallel to the c axis of the film. The critical current density Jc(intra) has been estimated through the Bean critical state model.31 According to the model, J,(A/cm2) = 30 AM/d, where A&f (emu/cm3) is the difference in magnetization for increasing and decreasing field (H > Z&i), and d is the effective diameter (cm) of the sample. Using this method, the derived J, value for the iilm is greater than lo5 A/cm2 at 5 K in zero applied field.
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